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Lyapunov–KrasovskiiAbstract Communication delays are inherently present in information exchange between space-
craft and have an effect on the control performance of spacecraft formation. In this work, attitude
coordination control of spacecraft formation is addressed, which is in the presence of multiple
communication delays between spacecraft. Virtual system-based approach is utilized in case that a
constant reference attitude is available to only a part of the spacecraft. The feedback from the virtual
systems to the spacecraft formation is introduced to maintain the formation. Using backstepping
control method, input torque of each spacecraft is designed such that the attitude of each spacecraft
converges asymptotically to the states of its corresponding virtual system. Furthermore, the back-
stepping technique and the Lyapunov–Krasovskii method contribute to the control law design when
the reference attitude is time-varying and can be obtained by each spacecraft. Finally, effectiveness of
the proposed methodology is illustrated by the numerical simulations of a spacecraft formation.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Spacecraft formation (SF) technology experiences much atten-
tion and research in recent years due to its potential use in
scientiﬁc and military missions, to name a few, monitoring of
the earth and its surroundings, deep space imaging and
exploration, and military surveillance instruments.1,2 Attitude
coordination control is one of its enabling technologies and
needs in-depth study.3–5The main idea behind attitude coordination is to couple the
spacecraft’s attitude states through a common control law.2
This control problem can be solved by several existing control
strategies, which can be categorized broadly into leader-
follower, virtual structure and behavior-based approaches. In
Ref.6, Ren and Beard pointed out the disadvantages of lea-
der-follower approach, i.e., single point of failure and having
no explicit feedback from followers, and introduced the decen-
tralized formation control strategies based on virtual structure.
They presented formation control ideas for multiple spacecraft
using virtual structure; more importantly, introduce formation
feedback from spacecraft to the virtual structure. Later, Ren
and Beard7 combined the strength of decentralized control
and virtual structure approach to improve the virtual structure
formation control strategy. Behavioral approach is natural to
describe the coordination behavior of the spacecraft formation
and is utilized in many researches.8–10 Lawton and Beard8
Fig. 1 An example of a rooted directed spanning tree with 1 as
its root node.
528 Y. Guo et al.proposed velocity feedback and passivity-based damping
approaches to maintain attitude alignment among a group of
spacecraft. Bai et al.9 and Ren10 applied passivity-based design
to call off the requirement of inertial frame information and
angular velocity measurements.
Recently, robust attitude coordination11,12 and ﬁnite-time
attitude synchronization13,14 have been addressed extensively.
Compared to these topics, in the available literatures, only
few papers deal with attitude coordination for spacecraft for-
mation in the presence of multiple communication delays.15
Nevertheless, since information exchange between spacecraft
plays an important role for attitude coordination, communica-
tion delays between spacecraft need to be seriously considered.
Researchers have made particular signiﬁcant efforts to
study the effects of communication delays in linear multi-agent
systems described by ﬁrst-order or second-order dynamics16–19
and also nonlinear systems20,21. However, results of the above
papers cannot be extended to spacecraft formation control
problem immediately due to the nonlinearity of the attitude
and translational dynamics.15 To solve this problem, in
Ref.15, the authors proposed a virtual system-based approach
to handle communication delays, i.e., driving the attitude of
each rigid body to its corresponding virtual system. But feed-
back from each rigid body to its corresponding virtual system
is not considered; therefore, rigid bodies may get out of forma-
tion due to control input saturation or too fast moving of the
virtual system. Hatanaka et al. also considered attitude
synchronization in the presence of communication delays,22
but only develops passivity-based distributed velocity input law.
This paper presents attitude coordination control law for
spacecraft formation with multiple communication delays in
two cases. In the ﬁrst case, the reference is constant and avail-
able to only a part of the spacecraft. The virtual systems for
the spacecraft formation will be constructed ﬁrstly, which is
based on the consensus algorithms proposed by Ref.17 Then
a velocity free attitude tracking control law is proposed with
consideration of feedback from the virtual systems to
spacecraft formation system. In another case that the attitude
reference is time-varying, attitude coordination (attitude
synchronization to the desired reference) can be hardly
achieved if some of the spacecraft can only receive delayed
information from neighbors, not from the leader. Hence, in
the second case, it is assumed that each spacecraft can obtain
the desired attitude from their leader. Then backstepping23,24
and Lyapunov–Krasovskii method makes it possible for us
to design the attitude coordination control law.
2. Preliminaries
2.1. Spacecraft dynamics
Spacecraft attitude kinematics and dynamics are given by
_Qi ¼ _gi; _qTi
 T ¼ 1
2
qTi
qi þ giI33
 
xi
Ji _xi ¼ xi Jixi þ si
8><>: ði ¼ 1; 2; . . . ; nÞ ð1Þ
where Qi ¼ gi; qTi
 T
denotes the quaternions representing the
orientation of body-ﬁxed frame with respect to the inertial
frame and satisfy the constraint g2i þ qTi qi ¼ 1, with gi 2 R
and qi 2 R31 the scalar part and the vector part of the unitquaternion, respectively; xi 2 R31 denotes the inertial angular
velocity of the ith spacecraft expressed in its body-ﬁxed frame;
Ji 2 R33 denotes the positive deﬁnite inertia matrix of the ith
spacecraft; and si 2 R31 denotes the vector of control input of
the ith spacecraft. Further, the notation t for a vector
t ¼ t1; t2; t3½ T is used to denote the skew-symmetric matrix:
t ¼
0 t3 t2
t3 0 t1
t2 t1 0
264
375 ð2Þ2.2. Graph theory
Let G ¼ ðV; EÞ be a weighted directed graph describing the
communication topology of the spacecraft formation, which
consists of a node set V ¼ f1; 2; . . . ; ng and an edge set
E#V  V. An edge ði; jÞ 2 E in a weighted directed graph indi-
cates that the ith spacecraft can receive information from the
jth spacecraft and j is called parent node, while i is the child
node. The adjacency matrix A of a graph G is an n n real
matrix deﬁned as Aij if and only if ði; jÞ 2 E and Aij= 0
otherwise. A directed path is a sequence of edges in a directed
graph of the form ði1; i2Þ; ði2; i3Þ; . . . ; ðik; ikþ1Þ; . . ., with ik 2 V.
The directed graph G is said to be strongly connected if there
is a directed path between any two vertices in it. And we call
that G has a rooted directed spanning tree if and only if there
exists at least one node having a directed path to all of the
other nodes (an example with six nodes and seven edges is
shown by Fig. 1, where e1; e2; . . . ; e7 denote the seven edges).
In the case of directed graphs, having a rooted directed span-
ning tree is a weaker condition than being strongly
connected.25
2.3. Problem formulation
To achieve attitude coordination of spacecraft formation,
communication between spacecraft plays an important role.
The graph of communication topology is assumed to be direc-
ted and contains a rooted spanning tree. We also assume that
each spacecraft can sense its own states with no delays, and
communication between the ith and jth spacecraft, with
ði; jÞ 2 E, is delayed by dij, and dij P 0 refers to time delays that
model the propagation of state information from node j to i.
With the above assumptions, the main objective of this
paper is that: for spacecraft formation system described by
Eq. (1), two control methods are designed.
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delays, in case that the attitude reference is constant
and only available to a part of the spacecraft.
Spacecraft in the formation can synchronize their
attitudes to the reference trajectory, when a desired
attitude signal assigns to all the spacecraft or is available
to only a part of spacecraft.
(2) Attitude coordination with multiple communication
delays, in case that the attitude reference is time-varying
and available to each spacecraft. Spacecraft can syn-
chronize their attitudes to the time-varying trajectory
when each spacecraft can receive the desired trajectory
from their leader.3. Main results
Two control methods will be proposed in this section, includ-
ing the virtual system-based approach and the backstepping
method-based one, both in the presence of multiple communi-
cation delays.
3.1. Virtual system-based attitude coordination with multiple
communication delays
The virtual system-based attitude synchronization control
design procedure is proposed in this section. Lemma 1 below
plays an important role in the construction of virtual systems.
Deﬁnition 1. A function f : R ! R is locally passive, if there
exist e and eþ, which are both positive, such that yfðyÞ > 0 for
all y 2 ½e; eþ] apart from y ¼ 0, where f(0)=0.
Lemma 1. 17 Consider the following multi-agent system
_xi ¼ ki
Xn
j¼1
Aijfij xjðt dijÞ  xiðtÞ
  ði ¼ 1; 2; . . . ; nÞ ð3Þ
where xi 2 R denotes the state of agent i; ki is a positive con-
stant; the function fij : R! R is locally passive on ðrij ; rþij Þ
with rij > 0 and r
þ
ij > 0. Let d ¼ max
i;j¼1;2;...;n
dij, and the initial
condition wi satisfy
wiðhÞk k 6
c
2
8i ¼ 1; 2; . . . ; n; h 2 ½d; 0 ð4Þ
where k k denotes the standard Euclidean vector norm (2-norm);
h is the time variable; c is deﬁned as c ¼ min
i;j¼1;2;...;n
rij ; rþij
n o
.
Then the consensus set vd is asymptotically attracting, which
is deﬁned by
vd ¼ xðtþ hÞ ¼ cIN1; h 2 ½d; 0; tP 0f g ð5Þ
where c is a positive constant.
Practically, for spacecraft formation, the desired attitude
signal is available only to a part of the spacecraft while having
a directed path to all of the other spacecraft. The desired
attitude can be viewed as a reference spacecraft and we call it
the 0th spacecraft. Adding with the 0th spacecraft, the new
communication topology between spacecraft can be described
by G0, whose node set is V0 ¼ f0; 1; . . . ; ng. Further, the
adjacency matrix of G0 is denoted by A0 ¼ ½A0ij, where
A0i0 ¼ 1ði ¼ 1; 2; . . . ; nÞ if the desired attitude is available to
the ith spacecraft and the 0th otherwise, and A0i0 ¼ 0ði ¼ 1; 2; . . . ; nÞ since the 0th spacecraft gets no signal from
other spacecraft.
Motivated by Ref.15, we associate each spacecraft to its
virtual system. Without considering feedback from spacecraft
to the virtual system, we can design the vector part of the
attitude Qvi ¼ ½gvi; qTviT of the virtual system corresponding to
the ith spacecraft as
_qvi ¼ ki
Xn
j¼0
A0ijFij qvj t dij
  qvi tð Þ  ði ¼ 1; 2;    ; nÞ ð6Þ
where the function Fij : R
31 ! R31 is deﬁned for s ¼
½s1; s2; s3T 2 R31 such that FijðsÞ ¼ ½fijðs1Þ; fijðs2Þ; fijðs3ÞT.
To show that Qviði ¼ 1; 2;    ; nÞ can track the desired
attitude Qd; we need recall the idea behind the novel proof
methodology of Lemma 1. In Ref.14, the asymptotically
attracting property of the consensus set vd in Eq. (5) is
guaranteed by the fact that both the minimum and maximum
of xi are held by the root of the spanning tree. As for the
virtual systems, the 0th spacecraft acts as the rooted one and
thus holds the minimum and maximum attitudes in formation.
Then it can be concluded that the virtual systems correspond-
ing to the spacecraft formation can synchronize their attitudes,
even when the desired attitude is available to only a part of the
spacecraft and there exist time delays between inter-spacecraft
communication links. One may wonder whether the use of
Lemma 1 is proper, since qvi 2 R31ði ¼ 1; 2;    ; nÞ while
xi 2 R in Eq. (3). In fact, considering the deﬁnition of Fij, we
can interpret each element of qvi independently as the system
described by Eq. (3).
Remark 1. It is needed to note that the attitudes of the virtual
systems can be designed by many existing time-delay consensus
algorithms. Lemma 1 is chosen since it is a relatively general
one, where we only require that fij be locally passive and that
the directed graph contains a spanning tree. Further, this paper
only requires that the functions fij are locally passive on ½2; 2
because the maximum element of qi is bounded by 1.
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Remark 2. Considering the virtual system described by
Eq. (6), its dynamics is not dependent on the spacecraft forma-
tion. For our control objective, i.e., each spacecraft tracks for
its corresponding virtual system, spacecraft will fall behind if
the states of the virtual system converge to the desired attitude
too fast due to saturation constraints. Thus, the feedback from
the spacecraft to the virtual systems should be considered.
Now, modify the virtual systems as
_qvi ¼ ki
Xn
j¼0
A0ijFij qvj t dij
  qvi tð Þ þ Yðqi; qviÞ
,Kðqi; qviÞ þ Yðqi; qviÞ
ð7Þ
where Yðqi; qviÞ stands for the feedback from spacecraft forma-
tion to its virtual system and will be designed later; Kðqi; qviÞ is
utilized to represent the ﬁrst term on the right side of Eq. (7).
We associate the spacecraft formation with their virtual
systems, whose attitude kinematics are given by
_qvi ¼ 12 qvi þ gviI33
 
xvi
_gvi ¼  12 qTvixvi
(
ði ¼ 1; 2;    ; nÞ ð8Þ
530 Y. Guo et al.where qvi 2 R31 and gvi 2 R are the quaternions representing
the attitude of the virtual system, which are initialized as the
quaternions of the ith spacecraft, while the dynamics of qvi is
given by Eq. (7); xvi is the attitude angular velocity of the
ith spacecraft’s virtual system.
Then the error attitude between the ith spacecraft and its
corresponding virtual system can be formulated as
eQvi ¼ ~gvi
~qvi
 
¼ gvigi þ q
T
viqi
gviqi  giqvi  qviqi
 
ð9Þ
and the error kinematics can be expressed as
_eQvi ¼ 1
2
~qTvi
~qvi þ ~gviI33
 
~xvi ð10Þ
with
~xvi ¼ xi  xvi
where xvi ¼ Rixvi, with Ri the rotation matrix and related toeQvi through
Ri ¼ I33 þ 2~gvi~qvi þ 2~qvi~qvi ð11Þ
Now, the aim of attitude synchronization turns to the con-
troller design of the actual input torque to drive each space-
craft’s attitude to the states of its corresponding virtual system.
Theorem 1. Choose Yðqi; qviÞ in Eq. (7) as
Yðqi; qviÞ ¼ 
1
2
qvi þ gviI33
 
R1i /i ð12Þ
where /i 2 R31 is a pseudocontrol attitude velocity control
input given by /i ¼ Nðbi~qviÞ ði ¼ 1; 2; . . . ; nÞ; with bi a posi-
tive constant, and the function N : R31 ! R31 deﬁned for -
s ¼ ½s1; s2; s3T 2 R31 such that NðsÞ ¼ ½arctan s1; arctan s2;
arctan s3T. Then if the controller given by Eq. (13) is intro-
duced to each spacecraft, the control problem is solved.
si ¼  ki=
ﬃﬃﬃ
3
p	 

~gviI33 þ ~qvi
 
tanh kð~qvi  k2i iÞ
  kqi ~qvi
þ JiRi _x0vi þ ½Rix0viJi½Rix0vi ð13Þ
where ki ; k
q
i and k are strictly positive scalar constants; i 2 R31
is a ﬁlter vector and can be generated by _i ¼ ~qvi  k2i i with
ið0Þ ¼ 0; ki 2 R.
Proof. The candidate Lyapunov function for the kinematics
subsystems described by Eq. (10) is
V1 ¼
Xn
i¼1
kqi ð~gvi  1Þ2 þ ~qTvi~qvi
h i
ð14Þ
Its time derivative can be calculated using Eq. (10) and yields
_V1 ¼
Xn
i¼1
kqi ~q
T
vi ~xvi ð15Þ
Then we need to design the actual control torque to ensure that
zi ¼ ~xvi  /i ði ¼ 1; 2; . . . ; nÞ converges to zero. Taking the
following Lyapunov candidate function for the overall system
V2 ¼ V1 þ 1
2
Xn
i¼1
zTi Jizi ð16ÞConsidering Yðqi; qviÞ ¼  12 qvi þ gviI33
 
R1i /i, the derivative
of V2 with respect to time gives
_V2 ¼ _V1 þ
Xn
i¼1
zTi Ji _zi ¼ Xþ
Xn
i¼1
zTi Jið _xi  _xvi  _/iÞ
¼ Xþ
Xn
i¼1
zTi Ti  Jið _xvi þ _/iÞ
 
¼ Xþ
Xn
i¼1
zTi Ti  JiðRi _x0vi  xi Rix0viÞ
  ð17Þ
with
X ¼ 
Xn
i¼1
kqi ~q
T
viNðbi~qviÞ þ
Xn
i¼1
kqi ~q
T
vizi
x0vi ¼ qvi þ gviI33
 1
Kðqvi; qvjÞ
Ti ¼ xi Jixi þ si
8>><>>:
Next, considering the augmented Lyapunov function
V3 ¼ V2 þ 2k

iﬃﬃﬃ
3
p
k
Xn
i¼1
jjL kð~qvi  k2i iÞ
 jj1 ð18Þ
where L : R31 ! R31 is deﬁned such that L(s)=[lg(cosh s1),
lg(cosh s2), lg(cosh s3)]T for s ¼ ½s1; s2; s3T 2 R31.
Following the Ref.26, we introduce the control torques
Eq. (13) to each spacecraft. Substituting Eq. (13) into Eq. (18),
the derivative of V3 arrives at
_V3 ¼ 
Xn
i¼1
kqi ~q
T
viNðbi~qviÞ þ ð2ki =
ﬃﬃﬃ
3
p
kÞ _Ti tanhðk _iÞ
h i
< 0 ð19Þ
As the derivative of V3 is negative deﬁnite, it is not difﬁcult
to conclude that lim
t!1
ð~qvi; ~xviÞ ¼ 0. Furthermore, when ~qvi ¼ 0,
between the states of the virtual systems converge to the
desired attitude even in the presence of communication delays
spacecraft, which immediately means that the spacecraft also
synchronize their attitudes to the desired trajectory. h
Remark 3. The main idea behind our introduction of the vir-
tual systems is to communicate the delayed information of the
virtual system instead of the spacecraft’s actual states.
Therefore, the dynamics of the spacecraft is coupled through
their virtual systems and the feedback from states of spacecraft
to it, which makes it easier to handle communication delays in
spacecraft formation control.3.2. Backstepping-based attitude coordination with multiple
communication delays
To solve attitude coordination when the desired attitude is
assigned to all the spacecrafts, backstepping method can be
used to design a control law and a Lyapunov–Krasovskii func-
tion to ensure stability.
Let Qd ¼ ½gd; qTd Tdenotes the desired attitude of the space-
craft formation and the attitude tracking error of the ith space-
craft is
eQi ¼ ~gi
~qi
 
¼ gdgi þ q
T
dqi
gdqi  giqd  qd qi
 
ð20Þ
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of the spacecraft formation, the error kinematics of the ith
spacecraft can be expressed as
_eQi ¼ 12 ~qTi~qi þ ~giI33
 
~xi
~xi ¼ xi  Rð eQiÞxd
8><>: ð21Þ
where Rð eQiÞ denotes the rotation matrix. Also, we introduce
the virtual control input ui for the ith spacecraft as the follow-
ing structure:
xi ¼ ui þ ei
ui ¼ Rð eQiÞxd  jpi ~qi Xn
j¼1
Aij ~qi  ~qj t dij
  
8><>: ð22Þ
where jpi is a positive constant and ei is a new state variable.
Then the control torque for the ith spacecraft is designed as
si ¼ xi Jixi þ Ji _ui  jdi ei  jqi ~qi ð23Þ
where jdi and j
q
i are positive constants.
Theorem 2. For the spacecraft formation described by Eq. (1),
spacecraft can synchronize their attitudes to Qd in the presence
of multiple communication delays between them if the controller
Eq. (23) is applied to each spacecraft.Fig. 2 Communication topology between spacecraft.Proof. Consider the following Lyapunov–Krasovskii candidate
V01 ¼
Xn
i¼1
jqi ð~gi  1Þ2 þ ~qTi ~qi
h i
þ 1
2
Xn
i¼1
Xn
j¼1
jqi
Z t
tdij
~qTj ~qjds ð24Þ
the time derivative of V01 along Eq. (21), using Eq. (22) is
calculated as
_V01¼
Xn
i¼1
jqi ð~gi1Þ~qTi ~xiþ~qTi ð~qi þ~giI33Þ~xi
 
þ1
2
Xn
i¼1
Xn
j¼1
jqi Aij ~q
T
j ~qj~qTj ðtdijÞ~qjðtdijÞ
h i
¼
Xn
i¼1
jqi j
p
i ~q
T
i ~qi~qTi ei
 Xn
i¼1
Xn
j¼1
jqi Aij~q
T
i ~qið ~qjðtdijÞ

þ1
2
Xn
i¼1
Xn
j¼1
jqi Aij ~q
T
j ~qj
h
~qTj ðtdijÞ~qjðtdijÞ
i
¼
Xn
i¼1
jqi j
p
i ~q
T
i ~qiþ
Xn
i¼1
jqi ~q
T
i ei
1
2
Xn
i¼1
Xn
j¼1
jqi Aijjj~qi~qjðtdijÞjj2
ð25Þ
Here consider the fact that
Pn
i¼1
Pn
j¼1ð~qTi ~qi  ~qTj ~qjÞ ¼ 0.Table 1 System parameters.
Spacecraft No. Inertia matrix (kg m2)
1 diag (12,15,25)
2 diag (20,15,15)
3 diag (15,15,20)Then we need to design the actual control torques to ensure
that ei ði ¼ 1; 2; . . . ; nÞ converges to zero. The second
Lyapunov candidate function can be expressed as
V02 ¼ V01 þ
1
2
Xn
i¼1
eTi Jiei ð26Þ
The ﬁrst time derivative of V02 takes the form as
_V02 ¼ 
1
2
Xn
i¼1
Xn
j¼1
jqi Aijjj~qi  ~qjðt dijÞjj2 þ
Xn
i¼1
jqi ~q
T
i ei

Xn
i¼1
jqi j
p
i ~q
T
i ~qi þ
Xn
i¼1
eTi xi Jixi þ si  Ji _ui
  ð27Þ
Substituting Eq. (23) into the last equation, we obtain
_V02 ¼ 
1
2
Xn
i¼1
Xn
j¼1
jqi Aijjj~qi  ~qjðt dijÞjj2 
Xn
i¼1
jqi j
p
i ~q
T
i ~qi

Xn
i¼1
jdi e
T
i ei < 0 ð28Þ
Then, the negative deﬁniteness of _V02 can guarantee that
~qi; ei ! 0 as t !1. Moreover, considering Eqs. (21) and
(22), it can be concluded that ~qi  ~qjðt dijÞ ! 0 as t !1,
which ends the proof. h
Remark 4. As mentioned previously, it is difﬁcult for space-
craft to synchronize their attitudes to the time-varying desired
trajectory when only a part of them can obtain the desired tra-
jectory. Therefore, in Section 3.2, it is assumed that the desired
attitude is available to all of the spacecraft. Furthermore, the
assumption is reasonable due to the fact that the spacecraft
can obtain the desired attitude through many estimators exist-
ing in literature.274. Illustrative example
Simulation results of three spacecraft in two cases are pre-
sented in this section to illustrate the performance of the pro-
posed control law.Initial value of qi Initial value of xiðrad  s1Þ
½0:2; 0:3; 0:1T 0.01½0; 0;4T
½0:2; 0:1; 0:3T 0.01½9; 5; 4T
½0:4; 0; 0:8T 0.01½1; 5; 4T
Table 2 Other parameters used in simulation.
Parameter Initial value
Time delay d12 ¼ 0:8 s, d23 ¼ 1:0 s, d31 ¼ 1:4 s,
d32 ¼ 1:5 s
Control parameter k= 5 , kqi= 0.5, k

i ¼ 1:5 ði ¼ 1; 2; 3Þ
fij tanh x
Virtual system
parameter
qvi (0) = qið0Þ; ki=0.5 (i=1,2,3), q=1
Desired attitude q0 ¼ ½0:1; 0:9; 0:2T
532 Y. Guo et al.4.1. Simulation for virtual system-based attitude coordination
In this case, only the ﬁrst and second spacecraft can obtain the
constant desired attitude trajectory, as shown in Fig. 2.
Spacecraft formation’s parameters and other parameters used
in simulation are shown in Tables 1 and 2, respectively. In the
following, a superscript j ðj ¼ 1; 2; 3Þ denotes the jth compo-
nent of a quaternion or control torque vector.
Here, q0 is the desired attitude. Using the parameters of
Tables 1 and 2, the virtual systems corresponding to eachFig. 3 Attitude history of virtual systems.
Fig. 4 Attitude and control torques history of spacecraspacecraft given by Eq. (7) are shown in Fig. 3, while the atti-
tude history of the spacecraft formation shown in Fig. 4(a)
when the control torques in Eq. (13) are introduced to it. It
can be concluded that the attitudes of the spacecraft formation
converge to the desired attitude ½0:1; 0:9; 0:2T even in the
presence of multiple communication delays. Further, the
control torques for the three spacecraft are shown in Fig. 4(b).4.2. Simulation for Backstepping-based attitude coordination
The communication topology of this case can also be described
by Fig. 2 except that the desired attitude (represented by 0) is
also available to the 3rd spacecraft. The time-varying
reference attitude is generated by q0 ¼ ½0:1; 0:9; 0:2T
with x0ðtÞ ¼ 0:001½sinð0:001ptÞ; cosð0:001ptÞ; 0T. Here, x0ðtÞ
denotes the constant angular velocity. In addition, the system
parameters and the communication delays between spacecraft
are the same as the ﬁrst case and the control torques are
limited by 1.5 NÆm.
Choosing jpi=0.5 and j
q
i =1 (i=1,2,3), the attitudes his-
tory of the spacecraft formation and the control torques
described by Eq. (23) are shown in Fig. 5. Obviously, in about
60 s the spacecraft formation obtains the desired time-varying
attitude trajectory in face of multiple communication delays,
which illustrates the effectiveness of our backstepping-based
controller design algorithm.5. Conclusions
The attitude coordination control for spacecraft formation
with multiple communication delays in inter-spacecraft
communication links is studied in this paper.
(1) If the desired attitude is constant and only available to a
part of the spacecraft, the control law is designed
through the virtual system-based approach with con-
sideration of the feedback from spacecraft to their
corresponding virtual systems.ft formation using virtual system-based control law.
Fig. 5 Attitude history and control torques of spacecraft formation using backstepping-based control law.
Attitude coordination for spacecraft formation with multiple communication delays 533(2) when the desired attitude is time-varying and obtained
by each spacecraft, the attitude synchronization is rea-
lized by the use of backstepping and Lyapunov–
Krasovskii method.
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